INTRODUCTION
This report presents the research work on the design of a model-based fault detection and diagnosis (FDD) system for use in turboshaft engine maintenance. The FDD system detects component malfunctions (faults) by monitoring engine output during maintenance testing. This work focuses on components related to fuel control actuation to demonstrate the applicability of the method.
A previous study (Litt, et al., 1995) presented a related scheme for detection of sensor faults.
Current engine maintenance procedures at the Aviation Unit Maintenance (AVUM) and Aviation Intermediate Maintenance (AVIM) levels are described in T700 (1981) . There are several on-line and pre-flight checks which are performed currently on T700 engines (figure 1) in Blackhawk and Apache helicopters. These include the Health Indicator Test (HIT) check which is performed at flight idle and compares exhaust temperature to power level to make sure it is within range.
On-line cockpit instrumentation indicates engine chips (metallic particles in the oil) and oil temperature and pressure limits. These provide information about the existence of a problem without determining the cause. An artificial intelligence-based diagnostic system (Aerospace Engineering, 1995) has been tried in order to get more information about individual components, but it only gives an indication of the likely source of the problem, if one is detected, and this often requires several steps after the testing is completed.
On the other hand, model-based fault detection methods compare the system's output to that of a model running simultaneously. Any difference beyond a threshold value signifies that a fault has occurred. The present work evaluates the faults using the approach developed and implemented by Litt, et al. (1995) and by Duyar, et al. (1994) . The experimental modeling technique developed by Duyar, et al. (1995) is used to obtain the state space diagnostic model, i.e., the model used to determine faults. Test input signals for diagnosis purposes to be applied during maintenance of the engine have been explored and the most suitable chosen.
The model of the normal process developed by Duyar, et al. (1995) did not include the dynamics of fuel control actuation (the hydromechanical unit, HMU).
The HMU output fuel flow rate was used as input to the model rather than the command signals from the electrical control unit (ECU) and the collective (figure 2). In the work reported here, the ECU and collective An open-loop model of the T700 engine has been developed consisting of the HMU, gas generator, and power turbine as a unit.
The description of the operation of the engine and the engine variables can be found in Duyar, et al. (1995) , which derived an experimental, open-loop model of the T700 gas generator and power turbine as a unit. The actuation mechanism, i.e., the HMU and associated fuel system components _ were not, however, included. Duyar, et al. (1995) used input fuel flow variations to develop the experimental model of the gas generator and the power turbine.
In the work reported here, on the other hand, the collective and ECU command signals were used as input to the HMU, thus restricting fuel flow variations to those which the HMU could physically produce. This yields an improvement in the gas generator and power turbine model, since the model parameters are fit to a more realistic set of input variations.
Prior to actually generating the experimental state space models, open-loop block diagrams were developed such that the engine is separated from the rotor system. This approach makes it possible for the open-loop models to be used, not only for fault detection and diagnosis system design, but also for control design purposes and for simulation studies to determine the effect of using different rotor systems. The block diagrams were developed by considering the physical processes occurring in the components, the constraints imposed by the available tool for generation of the experimental data, i.e., the simulation developed by Ballin (1988) , and the variables that are affected by faults.
The simplified open-loop block diagrams developed are shown in figure 2. The closed-loop diagram is presented in figure 3 . The first step in the developme it of these block diagrams was to construct a major l unctions/components diagram using the informatioa in Litt, et al. (1995 ), Ballin (1988 , and Prescott and Morris (1987) . Careful evaluation of the physical processes in turbine engines shows that, for a stand-alone model of the engine (one which can be used with different rotor systems), the essential output of the engine is power, Wp. Under ideal conditions, the power is a function of only the conditions produced by the gas generator at the power turbine entrance. Power turbine power is fed to the load--the rotor system of the specific aircraft.
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This power is the product of the power turbine torque, Qp, and the power turbine speed, N v, which are both measured quantities. The load dynamics determine the split of the power between speed and torque at any particular time.
Additional outputs of the engine which show the effects of the faults are the fuel flow rate, %. the gas generator speed, N s, power turbine inlet temperature, T 45, and the compressor final stage pressure, Ps3. The inputs to the HMU/engine system are the collective pitch angle, X_, and the trim signal from the electrical control unit, SPDG. The power available spindle angle, PAS, and the inlet air temperature, T2, are assumed to be constant in this study and therefore are not included as inputs.
Under normal operation of the engine PAS is regularly kept at a constant angle. Therefore the model developed in this study is restricted to normal flight conditions or testing at these conditions.
It is assumed that the nonlinear open-loop dynamics of the engine can be normalized and linearized about a nominal operating condition and can be expressed as a discrete-time linear system described by the following state equations
where x, u, and y are the mx 1 state, the px 1 input, and the qx I output vectors, respectively. A, B, C are the known nominal matrices of the system with appropriate dimensions.
The process noise, measurement noise, and the modeling errors due to uncertainties in the parameters are not included for mathematical simplicity.
It is assumed that the system is in t_-canonical form (Litt, et al., 1995) .
The procedure explained in Duyar, et al. (1995) was followed to obtain the experimental model. A threelevel pseudo random sequence was used for the ECU trim signal input. A modified version of this three level signal, where changes from one level to another occur through a ramp function rather than a step function, was used for the collective input. This modification is warranted because the collective input is a mechanical input and cannot change instantaneously. For the purposes of this study the A, B, and C matrices were obtained for the single power level of approximately 100%. Manual (T700, 1981) for the T700 helicopter engine was reviewed to identify faults dealt with at the AVUM and AVIM levels. The trouble-shooting procedures in the manual were studied together with information on the components involved found in Prescott and Morris (1987) and Ballin (1988) to identify potential faults to be considered. These faults are presented in Two of the potential actuator faults listed in Table 2 were selected to illustrate the method. One was chosen to be essentially at an "entrance" to the HMU. The other is essentially at the "exit." For the entrance, increasing friction in the torque motor is emulated by an increasing value of the torque motor lag. (The appendix details the basis for modeling this fault.) For the exit, a clogging fuel metering valve is emulated by multiplying the flow through the valve by a factor less than one.
Two additional faults, which are outside the actuation system, have also been modeled: degradation of combustion efficiency in the combustor and increase in the ECU reset rate.
RESULTS
Several measures for detection of faults were explored.
These included using the instantaneous difference in peak values between faulted and nominal outputs, and the integral of the difference between faulted and nominal outputs. Likewise a number of different input signals were explored--periodic signals such as that for Xc_ in Figure 4 , and as in Duyar, et al., (1995) This method, therefore, yields an effective means of detecting a fault.
The difficulty lies in effectively isolating the source of the fault. Figure 5 shows a negative slope for the case where combustion efficiency has degraded, while a clogged metering valve produces a positive slope. This provides an encouraging indication that this approach can be used to help in the isolation of HMU and combustor faults.
However, applying this technique when the fault involved an increase in the ECU reset rate yielded a slope similar to that of the no fault case.
Thus, although this method may be able to distinguish the HMU fault (metering valve clogging) from a combustor fault, without additional information it does not distinguish a faulty ECU.
CONCLUSIONS
A method for detection of faults originating in the actuation system ofa T700 turboshaft engine has been developed and demonstrated. One can design input signals to enhance the effect of the fault. Injection of faults resulted in clearly detectable differences between actual system outputs and those calculated by the nominal model for realistic test input. A complete set of criteria can be generated to assist in isolating malfunctionmg components during pre-flight engine maintenance by coupling the approach laid out here with that of Litt, et al. (1995) for sensor faults.
Diagnostic equipment which uses this method would help focus maintenance procedures on the faulty component.
This could greatly shorten the present trial and error methods for malfunction elimination.
At least three areas need to be pursued further: i) The ECU fault could not be detected using the methods demonstrated. An ECU model might need to be incorporated into the diagnostic model in order to accomplish this.
2) The open-loop state space engine and HMU models need to be obtained for other power levels (in addition to that of 100% presented in Table  1 , flight idle for instance).
Together with this, techniques for joining the linear state space models at the various discrete power levels to obtain an effectively non-linear model need to be explored.
3)
The approach laid out here should be integrated with that of Litt, et al. (1995) is the viscous friction coefficient of the motor and load referred to the motor shaft, i.e. the product of fand the angular speed of the motor shaft is the total torque due to friction in the motor and load.
For the field-controlled DC motor: 
